In this paper, the cracking behavior of concrete tunnel lining is simulated by a finite element code with smeared crack model. Based on the experimental observation, numerical simulations are carried out in the following aspects: 1)initial imperfection; 2)concrete tensile strength; 3)fracture energy; 4)load direction; 5)size effect on structural strength and 6)soil mass constrain. The analyses on the items of 1) through 3) treat the basic factors affecting the cracking behavior of tunnel lining. And studies of 4) through 6) can provide a better understanding of tunnel lining response under complicated conditions.
INTRODUCTION
In Japan, there are 4600 railway tunnels with a total length of 2900km and 6500 road tunnels with a total length of 1800km in practical service. Many of them have been in service for decades of years, among which about half of the railway tunnels were built before World War II. In addition, Japan is a narrow island country with large coverage of mountains and uneven topographic features. Tuff and mud rocks generated during Neogene Period are soft with low strength and are widely distributed in Japan. Fracture energy is assumed to be a material property, which is defined as the amount of energy needed to create a unit area of crack. The areas below the local stress-strain curves at crack interface are the unit fracture energy over crack band h, G'f Ih for mode I and G"f/h for mode II, In this paper, the linear curve for tension softening is used. It is assumed that mode I fracture is initiated firstly when principle stress reaches the tensile strength. Therefore, the shear stress across the crack is zero at the onset of cracking, which is why the shear softening diagram in Fig.2 The material properties identified by cylinder specimen under uniaxial compression are uniaxial compressive strength ff=262kgf/cm2, Young's modulus E=2.3x105kgf/cm2 and Poisson ratio v=0.17). As a reference property, the tensile strength f, can be calculated through transformation equation f,=O.5ff213=20.5kgf/cm2, based on the concrete design standard of JSCE.
According to the experimental observation), the first crack occurred in the crown (inside) followed by the inside cracks at the bottom and outside cracks at the sidewalls in Fig.4 . Although the second largest moment, besides the inside of crown, is located at the position of the sidewalls at around 30" inclined to horizontal direction, the cracks at other positions, such as at 25, 40 and 50, were also observed. This may be due to 1)strength variety and uncertainty resulting from the inhomogeneous behavior of concrete; 2)gentle moment distribution along the sidewall.
The structural deformation increased immensely after the crack occurred at the inside of crown. But the tunnel lining could still resist the external load until the cracks happened at the outside of sidewalls. When the cracks at the sidewalls propagated to a certain extent, the tunnel lining began to lose its load resistance with the continuous deformation up to the ultimate collapse. Two experimental data are shown in Fig.5 . The difference between Exp.1 and Exp.2 may be due to the randomness and uncertainty of concrete during casting and curing the specimens. A possible reason of the zigzag behavior in Exp.1 might result from the relatively low stiffness of testing machine. Therefore, the displacement control could not be well performed. In order to compare with the static numerical simulation, the dash envelope curve as an idealized load-displacement curve under displacement control is shown in the Fig.5 . It can be seen that the structural response can be divided into four stages: 1)elastic stage with constant stiffness; 2)nonlinear stage after cracking occurrence with gradually decreased stiffness (but still positive); 3)strength degradation stage with negative stiffness; 4)ultimate structural collapse.
NUMERICAL SIMULATIONS
In this section, the smeared crack model that is implemented in a finite element code, is used to simulate the cracking behavior of plain concrete tunnel lining. A 4-node plane stress element is used to discritize the tunnel lining, which is integrated at 4 Gaussian quadratic points. The displacement in all the load-displacement figures of numerical simulation denotes the load point displacement. Before the numerical simulation of tunnel linings, firstly, the difference between the proposed mode II shear softening model and the traditional constant shear retention factor is studied. The constant shear retention factor with (3=0.5, 0.1 and 0.01 is used respectively for the traditional post-tension crack treatment of shear modulus. The results, as shown in Fig.6 , are compared with the one of the shear softening model with initial shear retention factor with (3=0.5, shear strength t =2.0kgf/cm2 and mode II fracture energy Gj=0.01kgf/cm, Fig.2(b) .
The intercrack threshold angle is set 60 3). shear softening model, by which the shear stress locking is greatly reduced. In the viewpoint of concrete material behavior, the shear softening model is more physically reasonable because concrete is quasi-brittle material and the shear modulus dose not likely drop dramatically at the onset of the crack opening. In the following simulations, the mode II softening model is adopted. Due to the structural complexity of the tunnel lining, several factors are involved to affect the cracking behavior of tunnel lining. Six aspects are discussed as follows: 1)effect of initial imperfection for modeling the strength variety and uncertainty of concrete; 2)effect of concrete tensile strength; 3)effect of concrete fracture energy; 4)effect of loading direction; 5)size effect on structural strength and 6)effect of soil mass constrain. The analyses of 1) through 3) are mainly concerned with the basic investigation and give a brief understanding of cracking behavior of the tunnel lining. Analysis 4) extends to the simulation of more general cases with various load conditions. It is helpful to know what kind of load may most possibly cause the failure that could happen in realistic tunnel linings. Analysis 5) tries to find the relationship of structural response among the different size scales of models. And in 6), the effect of outside soil mass constrain on tunnel lining response is considered. The constant material properties of concrete are taken as Young's modulus E=1.2x105kgf/cm2 for 1), 2), 3), which are identified from FEM calculation according to the elastic behavior of experimental results of 1/3 scale model even though it is different from the experimental value of the concrete sample, and E=1.4x105kgf/cm2 for 4), 5), 6), Poisson ratio v=0.17. Considering that the tensile crack is primary and the shearing crack is relatively less dominant, the shear strength i=2kgf/cm2 and fracture energy for mode II Gt=0.01kgf/cm are kept constant in all the simulation cases. The tensile Table 1 Numerical simulation cases * and ** denote the basic cases in numerical simulation compared with other cases. The details of different cases anneared in Table 1 are described and shown in figures of each sub-section.
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strength f in the simulation is also determined through elastic stage simulation. It is found that choosing the tensile strength obtained from the concrete sample in simulation would overestimate the structural strength. It will be discussed in the following subsection. Since the value of the mode I concrete fracture energy G'f was not identified from the experiment and it is also difficult to be measured accurately, it is considered as a parameter in the case study. The details of the case study are shown in Table 1 .
(1) Initial Imperfection Effect From the experimental observations, the cracks are mainly localized at the following positions: 1)inside of crown, 2)outside of sidewalls, and 3)bottom of tunnel. It is also found that the load bearing capacity of tunnel lining degrades after a crack occurs and starts to propagate.
Five cases are studied for the effect of the initial imperfection, as shown in Fig.7: Fig.7(a) The numerical results of crack patterns and loaddisplacement curve are shown in Fig.8 and Fig.9 , respectively. For plain concrete, the crack localization behavior is very common. However, it can be found that if no initial imperfection is given to the tunnel linings, Fig.8(a) and Fig.8(b) , the cracks are widely distributed at the outside of sidewalls, but not localized at the position(in Fig.7 , where the largest stress occurs. This may result from two reasons. One comes from the deficiency of the smeared crack model, which treats the cracks by distributing the stiffness lose through the whole area of a finite element, but not on the crack interface. This easily leads to the distributed crack at the structural level. And the second reason may be due to the structural features of tunnel lining and the material behavior of concrete. Under the vertical load, the stress gradient along the outside of (2) Effect of Concrete Tensile Strength Due to the randomness and different conditions during pouring the concrete specimens, such as temperature, humidity, drying time, component ratio and the scale of structures, the strength of concrete, especially the tensile strength may vary. It also has significant influence to the structural response of the tunnel linings. In this section, 3 cases of tunnel linings with different concrete tensile strengths, f=10, 12 and 18kgf/cmZ, are compared, with the fracture energy G f=0.2kgf/cm.
From the numerical results, it can be seen that tensile strength mainly affects the elastic loading stage and the structural load carrying capacities, as shown in Fig.11 . Therefore, the guarantee on tensile strength of concrete is considered to be important in plain concrete tunnel lining. It is found that tensile strengths used in simulation are lower than that of concrete sample, f,=0.5ff213=20.5kgf/cm2, in which the case of f,=18kgf/cm2 is overestimated in elastic loading stage and the case of f,=12kgf/cmZ lies in the scope of two experimental results. Hence, the tensile strength of concrete sample can not completely reflect the one of 1/3 scale model tunnel lining specimen. In this point of view, the tensile strength of large scale concrete tunnel lining specimens seem to be lower, compared to the one obtained from sample strength test. For the high tensile strength tunnel lining, the first load peak followed by a degradation indicates complete crack at position (1. The degradation behavior that seems similar to the results of Exp.1 will be studied in future work.
(3) Effect of Fracture Energy
Many researchers have considered the fracture energy, Of, as a material property, which is defined as the amount of energy required to create one unit of area of a mode I crack. But due to the lack of information of this property, herein, 3 cases with fracture energy Gf=0.10, 0.20 and 0.30kgf/cm are studied. The concrete tensile strength is kept Different from the effect of concrete tensile strength, the fracture energy more likely affect the deformation behavior after crack initiation and structural strength, in Fig.12 . The higher the fracture energy is taken, the more ductile the structure shows and the higher structural strength can be archived. From the simulation above, it is inferred that more fracture energy would be needed to match the peak load of experiment result in Exp.1, though the fracture energy G=0.30kgf/cm in case of t1203 w2 is normally considered as a large value for concrete. But it should be larger than G1=0.10kgf/cm. and stiffness decrease, but the deformation at load point seems to increase, in which the horizontal displacement component is much larger than the vertical one. However, when the load direction changes to 7.5" and 0" the structural strength and stiffness tend to increase again. It can be concluded that the tunnel lining becomes most flexible and least load resistant when the load is acted in a direction inclined to x axis between 7.5 and 30.
(5) Size Effect The size effect in brittle concrete structures is a well known phenomenon. Since one objective of our numerical simulation as well as the experiments is to find a proper method to evaluate the structural response of full size tunnel linings from the scale model specimens, the size effect should be discussed. The structural strength of different size tunnel linings might be not simply size-proportional. According to Bazant's research'), the average strength was found to decline with the increase of size and finally approximate to a constant. In some literature 6, it was recognized that fracture energy might be also influenced by the specimen size. And it was realized that, for the relatively larger size specimen, the fracture energy of concrete may be bigger due to large aggregate size. But such an effect was not found in other cases.
In this section, the numerical results of 5 different sizes of scale model tunnel linings, with the scaled ratio 1/1, 1/3, 1/10, 1/20 and 1/30, are compared to find the size effect law. It is assumed that the fracture energy Gf is kept unchanged, as well as the concrete tensile strength f in the simulations
The load-displacement curve is shown in Fig.16 .
The small size tunnel lining tends to be more durable with relatively large deformation. To find out the size effect on structural strength, the ratio of the structural strength Pmax to the characteristic size r, defined as the average strength, is compared, as shown in Table 2 , in which the characteristic size r is taken as the inner radius of the tunnel lining for each size. It is found that the ratio decreases with increasing the specimen size. And it can be predicted that the value of ratio Pmax/r for tunnel lining of larger size will be much smaller and finally approximate a constant, but not continuously drop to zero, as shown in Fig.17 .
(6) Effect of Soil Mass Constrain For the real tunnel linings, the load conditions include not only concentrating force as simulated in experiment, but also the constrain from outside soil of the tunnel linings. For simplicity, the gravity of soil mass is neglected. The soil mass constrains the outward deformation of the tunnel lining. In our numerical simulation, it is approximated by a series Fig. 16 Load-displacement curve of size effect Table 2 Size effect on structural strength of spring elements outside the semicircle sidewalls, which are assumed to resist only compression and to have zero stiffness when subjected to tension, in Fig.18 . Because of the difference of soil mass density outside the tunnel linings, the constrain effects may be also different. In the simulation, this difference is reflected in the stiffness of spring elements. Two values of constrain spring stiffness with c=l5kgf/cm2 and c=35kgf/cm2 are used.
From the numerical results in Fig.19 and Fig.20 , it can be seen that the case t15015w2c35 with high spring stiffness shows high structural strength. The crack propagation and localization are not obvious. It means that the soil mass constrain outside of the tunnel linings prevents the cracking development and is beneficial to the increase of structural stiffness and strength.
CONCLUSION REMARKS
By using the smeared crack model, numerical simulation has been done to investigate the cracking behavior of 1/3 scale model of plain concrete tunnel lining. From the case studies in several aspects it can be concluded that:
(1) The crack localization at inside of crown and outside of sidewalls significantly affects the structural strength of tunnel lining.
(2) The parameter studies of concrete tensile strength and fracture energy shows that the tensile strength mainly determine the scope of elastic loading stage while the fracture energy mainly affect the structural deformation in nonlinear loading and structural strength.
(3) Tunnel lining behaves the different responses under various load conditions, and has the low structural stiffness and strength with a load acted in a direction between 7.5 and 45 inclined to horizontal direction.
(4) The structural strength of tunnel linings is not simply size-proportional. It is predictable that the ratio of structural strength to characteristic size decreases with increasing the size, and tends to approximate a constant.
(5) The tensile strength of concrete materials seems to be degraded with the increase of structure size. This may be seen from the difference between the tensile strength of concrete sample test and the one used in numerical simulation, by which the analytical result agree well with the experimental one. (6) A homogeneous soil mass constrain outside the tunnel lining may prevent the crack localization and development, thus increase the structural stiffness and strength. (7) As to the smeared crack model, it is basically regarded to be applicable to simulate the cracking behavior of tunnel linings, especially when weak elements, as initial imperfection, are applied for capturing the crack localization, even with a gentle stress gradient in a structure.
Effective evaluation of cracking behavior in 
